The effect of the cholesterol (Ch) on liposomes composed of the cationic lipid dioctadecyldimethylammonium bromide (DODAB) was assessed by studying both the steady-state and time-resolved fluorescence anisotropy of the dye Nile Red. The information obtained combined with analysis of the steady-state emission and fluorescence lifetime of Nile Red (NR) for different cholesterol concentrations (5-50%) elucidated the presence of "condensed complexes" and cholesterol-rich domains in these mixed systems. The steady-state fluorescence spectra were decomposed into the sum of two lognormal emissions, emanating from two different states, and the effect of temperature on the anisotropy decay of Nile Red for different cholesterol concentrations was observed. At room temperature, the time-resolved anisotropy decays are indicative of NR being relatively immobile (manifest by a high r ∞ value). At higher temperature, rotational times ca. 1 ns were obtained throughout and a trend in increasing hindrance was seen with increase of Ch content.
INTRODUCTION
An essential feature of the use of vesicles as delivery systems is the conformational instability of their membranes. In cationic vesicles this has been found to be enhanced by inclusion of a "helper" lipid [1] [2] [3] [4] [5] [6] [7] [8] although the mechanism responsible for this effect is not fully understood. Zhang and Anchordoquy [9] have studied the relationship between the effect of cholesterol in cationiclipid complexes and the charge density of the lipoplex. There has also been a long-standing interest in the physical chemical properties of mixtures of cholesterol and phospholipids in monolayer and bilayer membranes [10] [11] [12] [13] [14] [15] . Cholesterol is the major neutral lipid component of biological membranes in most eukaryotic cells and its primary role is that of a modulator of the physical proper- 1 Departamento de Física, Universidade do Minho, Campus de Gualtar, 4710-057 Braga, Portugal. 2 To whom correspondence should be addressed. E-mail: beta@ fisica.uminho.pt ties of the plasma phospholipid membrane. In one respect cholesterol acts as a "disordering agent," resulting in the broadening of the main phase transition and finally, its disappearance with increasing concentration. On the other hand, it also acts as "ordering agent," causing a reduction in the lipid chain mobility and the average area per lipid molecule [10, 16] . It is known that cholesterol can eliminate well-defined boundaries that favour bilayer fusion [17, 18] and can, at high concentration, form cholesterolrich domains within the lipid bilayer [14] along with condensed complexes or cholesterol crystallites with phospholipids [13, 15, 19] . In this study we explore the interaction of cholesterol with the long-chain cationic surfactant dioctadecyldimetylammonium bromide (DODAB), which in excess of water, self-assembles above the gel-tocrystalline phase transition temperature (T m ) into a giant closed bilayer vesicle structure [20] [21] [22] . This interaction was monitored using the solvatochromic probe Nile Red. This probe has a hydrophobic nature and has demonstrated its value in the study of biomembrane heterogeneity [23, 24] . Both its steady-state and time-resolved fluorescence emission properties are strongly medium dependent [25] [26] [27] and it usually exhibits an increase in fluorescence yield with decreasing solvent polarity, with a corresponding blue shift in the peak emission. By studying the fluorescence anisotropy of Nile Red, we have previously obtained information concerning polarity and hydration level changes in vesicle systems [26] .
EXPERIMENTAL

Materials and methods
Cholesterol (Ch) was purchased from Sigma. Dioctadecyldimethylammonium bromide (DODAB) was purchased from Tokyo Kasei and the solvatochromic probe Nile Red from Aldrich. All were used as received. Lipid films were prepared from stock solutions of DODAB in chloroform, with Ch at several molar ratios, by evaporation of solvent under a nitrogen stream. Vesicles were formed by hydration of lipids with an aqueous buffer solution (20 mM HEPES and 10 mM NaCl), at 60
• C (above the DODAB transition temperature), followed by sonication in a bath (Heat Systems W-225R), to obtain optically clear solutions. The final DODAB concentration was 1 mM. NR (10 −6 M) was introduced to the final vesicle solution by injection of 10 µL of a 3×10 −4 M stock solution. The vesicle solutions were cooled to room temperature and stored for 24 h prior to measurement.
Fluorescence measurements
The steady-state fluorescence measurements were performed using Spex Fluorolog 2 spectrofluorimeter. Polarized emission spectra were recorded using GlanThompson polarizers. All spectra were corrected for the instrumental response of the system. The time-resolved fluorescence measurements were performed, both at room temperature (∼25
• C) and 55
• C, using a single-photon counting spectrometer equipped with a pulsed nanosecond LED excitation head, with peak emission at 495 nm (HORIBA, Jobin Yvon, IBH Ltd. Glasgow, Scotland). The detection of the fluorescence, wavelength selected using filters, was made using a Hamamatsu R2949 photomultiplier. The fluorescence lifetime data were measured to 10 000 counts in the peak, unless otherwise indicated. The instrumental response function was recorded sequentially using a scattering solution and a time calibration of 23 ps/channel, giving a nominal time resolution of 100 ps after reconvolution. Data were analysed by using a sum of exponentials, employing a nonlinear least squares reconvolution analysis (HORIBA, Jobin Yvon, IBH Ltd. Glasgow, Scotland) of the form,
The pre-exponential factors (α i ) are shown normalised to 1 and the errors are taken as three standard deviations. The goodness of fit was judged in terms of both a chi-squared (χ 2 ) value and weighted residuals. Time-resolved anisotropy decays were analysed making use of the impulse response function (IBH DAS6 software).
RESULTS AND DISCUSSION
In comparison to DODAB alone the emission spectrum of Nile Red in the mixed DODAB-Ch system exhibits a decrease in the peak emission accompanied by a concomitant increase on the blueside of the emission band (manifest as a shoulder), see Fig. 1 . This may hint that the NR relocates to a less polar environment. The overall emission intensity, however, remains roughly constant (see inset in Fig. 1 ) except for a slight increase observed after the addition of 20% Ch. Related time-resolved fluorescence measurements were performed and the outcome presented in Table I . In most cases the decays are multiexponential and at the highest Ch concentration a rise time is observed. On increasing Ch concentration there is a trend for an overall increase in fluorescence lifetime, with a maximum (average lifetime) reached at a concentration of 33% Ch. These data reflect the changes in the overall emission yield (see inset Fig. 1 ). The time-resolved values have been linked to the viscosity of the environment and the formation of a solvent relaxed state, with the presence of a biexponential decay and rise times noted [28] . Our data appear consistent with that model, although the need to use the sum of three exponentials indicates that our system is more complex than that previously reported [28] . It should be noted that at room temperature these vesicles are principally in the gel phase and cholesterol apparently distributes evenly between the DODAB lipids, until ∼20%, when Ch enrichment leads to complex formation [15] . Overall this would explain the blue shift in the Nile Red emission spectrum as the lipid packing changes and the dye is less accessible to the aqueous region. At the higher Ch concentrations (>33%) the cholesterol can self associate to form crystalline domains [14] , which expel the probe to a more polar environment, hence the overall decrease in lifetime and emission intensity observed at 50% Ch. The effect of increasing Ch concentration on the steady-state anisotropy was also noted and the data presented in Fig. 2 . This clearly shows trends for increasing anisotropy at lower emission wavelengths and at higher Ch concentrations, consistent with Nile Red packed more tightly in non-polar environments and the addition of Ch producing a more ordered structure. Further analysis was performed by decomposing the steady-state anisotropy spectra into lognormal components using the method that we have previously described [26] . This ascribes the emission to an initially excited state (state 1) and a solvent relaxed state (state 2) and allows the peak wavelengths, associated anisotropies and the relative fraction of each state to be calculated. These data are presented in Fig. 3 . From this figure it is possible to see that the steady-state anisotropies of each state are roughly constant, with a slight increase for state 2 at the highest Ch concentration. It can also be seen that the major effect is that of the shift in balance of the Nile Red emission from state 2 to state 1 (ca. from 650 to 600 nm).
Time-resolved anisotropy measurements were performed to elucidate more information concerning the environment of the Nile Red probe. As well as room temperature measurements (probing the gel phase), measurements were performed at 55
• C where the mixed systems are in the liquid crystalline phase. Anisotropy decays for Nile Red, excited at 500 nm with different concentrations of Ch at room temperature and 55
• C are given in Fig. 4 . Qualitatively it is easy to note (because of the high r ∞ value) that the probe rotation is highly hindered at room temperature and that at 55
• C the effect of Ch enrichment is to increase the hindrance the probe experiences in the liquid crystalline phase. These data are presented in a more quantitative manner in Fig. 5 , where the recovered rotational correlation times as well as the semicone angle related to the degree of hindrance is given [29] . At higher temperature, the rotational correlation time is independent of Ch concentration, indicating a uniform viscosity, while that at 25
• C, after an initial decrease, reflects an increase in the viscosity of the probe environment. The rotational freedom of the probe, at both temperatures, is found to decrease with Ch enrichment and overall the results are consistent with first condensed complex followed by domain formation. Lifetime measurements performed at the higher temperature are presented in Table II . The decays are multiexponential and in general the average lifetimes are 60% those obtained at room temperature, showing the increased influence of non-radiative processes. The trend with increasing Ch concentration is for an increase in decay time after a slight dip on the initial addition of Ch, which reflects the trend in the rotational correlation time and is in agreement with the viscosity dependence of the fluorescence decay time [28] .
CONCLUSION
The effect of the cholesterol distribution, complex and domain formation in mixed DODAB vesicles with cholesterol enrichment can be ascertained via the use of both steady-state and time-resolved anisotropy. The Nile Red fluorescence was able to provide information concerning both the polarity and viscosity of these mixed vesicles, which is important in understanding their use as delivery systems.
